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SUPPLEMENTARY NOTES
ABSTRACT
Typical results obtained from ballistic impacts on vehicular fuel tanks are an instantaneous fireball, lasting approximately 5 seconds followed by a quickly spreading pool fire consuming the balance of the fuel and causing catastrophic damage to personnel and vehicle. This report discusses the results obtained when attempts were made to correlate a laboratory procedure with full scale ballistic testing. Laboratory testing was conducted at fuel temperature of 150°F which corresponds to similar ballistic test temperature. The laboratory procedure determined only flame propagation rates and was not designed to address the fireball issue. The controlling factor was, as expected, the flash point of the test fuels and fuel test temperature.
There was a clear indication of the effects of ignition energy since the flame trough ignition source was the fuel wetted wick and the ballistic impact included not only, the ballistic ignition fragments but also the instantaneous fireball that developed over the spilled fuel. which are based on their distillation temperature ranges. Primarily, the differences between any of these fuels are due to the relative proportions of the hydrocarbon constituents.
UNCLASSIFIED
Fuel Volatility Flammability
Fuel volatility flammability is primarily a process involving vapors. For example, in the burning of a fuel droplet, three distinct phases occur. In the first stage the droplet is preheated to a point where sufficient vapors are evolved to support a flame. In the second stage, the heat from the enveloping flame causes fuel vapors to evolve continuously and feed the flame. In the final stage, the combustion of a cokelike residue may occur. Fuel volatility is one of the primary characteristics that relate to fuel flammability. Those specification properties which are a measure of volatility are: flashpoint, distillation range, and vapor pressure. These are the primary properties that are inferred when differences in flammability are determined for one fuel in comparison with another.
Flash Point
The flashpoint is an estimate of the minimum temperature at which sufficient vapor is released by the fuel to form a flammable vapor-air environment at one atmosphere pressure. For pure hydrocarbons, such as n-alkanes, flashpoint data have been successfully correlated with lean flammability limits as well as vapor pressures. However, because of experimental errors, apparatus effects and fuel fractionation, flashpoint data for fuels lose a good deal of their fundamental significance. The usefulness of flashpoints with respect to fuels may be limited to establishing relatively large flammability differences between fuels.
Vapor Pressures
Vapor pressure affects flammability by controlling the amount of fuel in the vapor space. In a fuel tank which is only partially filled with fuel, the fuel molecules escape from the liquid into the space above it. If it is a closed vessel, the space is limited and the molecules will steadily accumulate in the vapor space. As the number of molecules increase in the space, the number of molecules returning to the liquid increases accordingly. If the temperature is maintained constant, a condition of equilibrium becomes established when the number of molecules leaving the liquid equals the number of molecules returning. The pressure which the liquid molecules exert in the vapor space is the vapor pressure.
UNCLASSIFIED
Incendiary Ignitions
Fuel tank ignitions by incendiary particles are of particular concern wherever gun firing may be encountered, such as in a hostile environment. The energy flux provided by this type of heat source is far greater than that of most hot surface sources. The burning incendiary particles can produce temperatures of the order of 4000°F or more. Thus, incendiary ignitions of optimum fuel vapor-air mixtures would usually be expected to have extremely short ignition delays, e.g., a few milliseconds or even less. Furthermore, the ignitions can occur at multiple sites in a fuel tank, depending upon the extent that the incendiary particles are dispersed.
FLAME TROUGH PROPAGATION RATES BASED ON FLASHPOINT
Base Fuels Only
Results of flame propagation tests, reported in Table 1 propagation. The wick in this procedure is thought to provide a low heat flux and is therefore effective in demonstrating small differences in flammability characteristics between two fuels.
The results are reported in: (a) time for flame propagation to begin after the ignition source is lit and, (b) time for the flame to propagate across the surface (propagation rate).
UNCLASSIFIED Figure 1. Illustration of Controlled-Temperature Horizontal Flame Propagation Channel
The JP-5 and DF-2 at 75°F (24°C) were not heated sufficiently by the wick to initiate flame propagation, as shown in Table 1 . The test was conducted for a maximum of five (5) minutes; if propagation had not begun, the test was terminated. Under these same conditions, JetA-1 began
propagation after approximately three (3) minutes, and the flame propagated at the rate of 1.3 inches (3.3 cm) per second. When the fuels were evaluated at 125°F (52°C) essentially the same results were obtained, however, the propagation rate of Jet A-1 increased. When the fuel temperature was held at 170°F (77 °C), JP-5 and DF-2 did propagate a flame as shown in Table 1 , however, Jet A-1 showed instantaneous flame propagation after wick ignition as this fuel temperature was 57°F above its flashpoint. These results show that JP-5 more closely matches DF-2 than Jet A-1, as might be expected since their flash points are similar. These results also show that at 57°F above the flashpoint of DF-2 (i.e., fuel test temperature of 205°F), the propagation rate is still much slower than with Jet A-1 at 57°F above its flashpoint (170°F).
However, the propagation rate of JP-5 was 16 in/second, which was considerably faster than DF-2 even though there is only 2 deg. F difference in flashpoints. 
UNCLASSIFIED
Discussion of Results
Purpose of Testing:
Develop correlation between laboratory test procedure and full scale ballistic testing of typical fuels used by the military. Table 2 is a random selection of base fuels and FRF blends using the same base fuels. The plan was to investigate the relationship between flame propagation rates of base fuels and fuel blends with results of ballistic testing using a variety of threats. The first twelve (12) fuel samples were selected for propagation testing only and the second phase are actual blends that were subjected to both ballistic testing and laboratory flame propagation testing. 
UNCLASSIFIED
RESULTS AND DISCUSSION
The results of the chemical analysis shown for the fuels selected at random did not show a tight correlation with flame propagation results.
AROMATIC CONTENT
While aromatic concentration may be a factor in distillation and flashpoint (FP), our data indicated that higher aromatics did not always correlate with flashpoint and therefore flame propagation. For example, one sample had an aromatic content of 20.1%, F.P. 48.5, and had higher propagation rate than another sample with 50.5 F.P. and aromatic content of 8.6%.
However, as a general rule, flashpoint seemed to be the controlling factor in flame propagation.
FRF BLENDS -LABORATORY TESTING
The chemical analysis, i.e., aromatics and final boiling point were similar, however, there was a variation in flashpoint between the JP-8, Jet-A, and diesel fuel. In this case the flame propagation testing correlated very well with flame trough test temperatures. The flame propagation with the Jet-A (higher F.P.) was slower developing than the JP-8, but neither fuel self-extinguished.
However the diesel fuel ignited but showed no flame propagation in the laboratory.
FRF BLENDS -BALLISTIC (THREAT-C) FIELD TESTING
Full-scale ballistic tests (Threat-C) were conducted on the same blends of fuel as those tested in the laboratory procedures and shown in Table 3 as a general rule. The fuel blends tested are listed below:
• JP-8 Base Fuel (Fuel #1), JP-8 FRF (Fuel #2), and JP-8 FRF+125 AM (Fuel #3). Figure 2 depicts each of these tests.
• Jet-A Base Fuel (Fuel #4), Jet-A FRF (Fuel #5), and Jet-A FRF+125 AM (Fuel #6).
Figure 3 depicts each of these tests.
• Diesel Base Fuel (Fuel #7), Diesel Fuel FRF (Fuel #8), and Diesel Fuel FRF+125 AM (Fuel #9). Figure 4 depicts each of these tests. 
UNCLASSIFIED
The results in the field correlated with the laboratory testing of the same blends. There was some variation in time due to the energy ratio of wick ignition vs. ballistic ignition and the residual burning (rate of flame spread) varied, based on flashpoint. There was no perceived marangoni effect (enhancement of flame propagation due to heat transfer to fluid surface ahead of flame.)
That was expected due to changes in propagation rate of fuels containing the viscoelastic polymer effects. Since it is known that flashpoint is a major factor affecting ignition and flame propagation, perhaps, a series of tests should be conducted at various temperatures above flashpoint on specific fluids. It appears that the laboratory procedure is worthwhile in providing a measure of flame propagation at various fuel temperatures. 
